Introduction
Osteosarcoma (OS) is one of the most common malignancies in children and young adults worldwide [1] . Despite the surgical techniques and chemotherapeutic treatments for OS have been significantly improved, 30% of children diagnosed with OS will not survive for more than five years [1] [2] [3] . Therefore, a comprehensive understanding of OS biology is required to optimize the diagnosis, therapy and prognosis prediction of this disease.
MicroRNAs (miRNAs) are non-coding small RNAs of 18-22 nucleotides in length that regulate target genes expression at the post-transcriptional level through interaction with the 3' untranslated region (3'UTRs) of specific target mRNAs [4] . A large number of studies have proved that deregulation or dysfunction of miRNAs contributes to cancer development and miRNAs may act as tumor suppressors or oncogenes [5] .
MiR-203 was originally detected in keratinocyte that promoted epidermal differentiation and was involved in the pathogenesis of psoriasis [6, 7] , but later it was found to be ubiquitously expressed in various tissues and was associated with several human malignancies. Down regulation of miR-203 expression was found in several types of cancers, including gastric cancer [8] , hepatocellular carcinoma (OS) [9] , non-small cell lung cancer (NSCLC) [10] , cervical cancer [11] , esophageal cancer [12] as well as melanoma [13] . However, studies also showed that miR-203 was up regulated in breast cancer [14] , colorectal cancer [15] , ovarian cancer [16] and pancreatic adenocarcinoma [17] . Recently, increasing evidences suggest that miR-203 functions as a tumor suppressor in a tissue-or cell-lineage-specific manner by targeting multiple genes [18] . However, in contrast to other cancer types, little is known about the role of miR-203 in the pathogenesis of OS.
In the current study, we found that miR-203 was down regulated in OS tissues and cell lines, decreased miR-203 was associated with a poor overall survival in OS patients. Restoration of miR-203 expression reduced cell growth in vitro and suppressed tumorigenicity in vivo. In contrast, inhibition of miR-203 stimulated OS cell growth both in vitro and in vivo. In addition, TANK binding kinase 1 (TBK1) was identified as a direct target of miR-203; overexpression of TBK1 partly reversed the suppressive effects of miR-20. Furthermore, TBK1 was found up-regulated and inversely correlated with miR-203 in OS tissues. Taken together, our findings collectively suggest that miR-203 acts as a tumor suppressor via regulation of TBK1 expression and may thus be a promising therapeutic target for OS.
Materials and Methods
Human specimens and cell culture 60 paired fresh surgically resected osteosarcoma tumor tissues and adjacent non-tumor tissues were collected from the Departments of Orthopedics, Yan'an People's Hospital between November 2009 and November 2011. Specimens were gently washed with normal saline and flash-frozen in liquid nitrogen immediately after collection and stored at -80°C until use. Both tumor and non-tumor samples were confirmed by pathological examination. The patients' characteristics at the original diagnosis are summarized in Table 1 . This research was approved by the Research Ethics Committee of Yan'an People's Hospital. Human osteosarcoma cell lines (MG-63, U2OS, HOS and Saos-2), human normal osteoblast cells NHOst were purchased from American Type Culture Collection (ATCC; Rockville, MD, USA). Cells were cultured in Dulbecco's modified Eagle's medium (Gibco BRL, Grand Island, NY) containing 10% fetal bovine serum, penicillin (100 U/mL), and streptomycin (100 μg/mL) at 37°C in a humidified incubator containing 5% CO 2 .
RNA extraction and real-time quantitative PCR
Total RNA was extracted from tissues and cells using miRNeasy Mini Kit (QIAGENE, Shanghai, China), according to the manufacturer's protocol. Total RNA concentration was assessed by measuring absorbance at 260 nm using a NanoDrop spectrophotometer (ND-1000, Thermo Scientific, Waltham, MA, USA). 2 μg of total RNA was reversely transcribed using the PrimeScript RT reagent kit with gDNA Eraser (TaKaRa, Japan) and miRNA-specific stem-loop RT primer (Applied Biosystems, USA). Stem-loop RT primer for miR-203 was: 5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACC TAG TGGTC-3'. Genespecific amplification was performed using ABI 7500 fast real-time PCR system (Applied Biosystems, Foster City, CA, USA) and SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. The following gene-specific primers were used in this study: forward, 5'-GTA TCC AGT GCA GGG TCCGA-3' and reverse 5'-CGA CGG TGA AAT GTT TAG-3' for miR-203; forward, 5'-TGA AGA GGA GAC AAC AAC AAG-3' and reverse 5'-GTG CCA TAC AGA GAA ACA AAC-3' for TBK1; forward, 5'-AGA GCC TGT GGT GTCCG-3' and reverse, 5'-CAT CTT CAA AGC ACT TCCCT-3' for U6 small nuclear RNA; forward, 5'-CAT GTT CGT CAT GGG TGT GAA CCA-3' and reverse, 5'-AGT GAT GGC ATG GAC TGT GGT CAT-3' for GAPDH. The relative expression level of miR-203 and TBK1 were normalized to that of internal control U6 or GAPDH using the comparative delta CT (2 -ΔΔCt ) method. Each sample was analyzed in triplicate and the mean expression level was calculated.
Cell Transfection
The miR-203 mimics, miR-203 inhibitor and negative control (NC) were designed and synthesized by GenePharma (GenePharma, Shanghai, China). For transfection, 2 × 10 5 MG-63 and U2OS cells were seeded into 6-well plate in growth medium without serum and antibiotics at a density of 30-40% and incubated overnight, then transfected with miR-203 mimics, miR-203 inhibitor or negative control (NC) using HiPerFect Transfection Reagent (Qiagen, Hilden, German) according to the manufacturer's protocol. The mixture was added to cells at a final concentration of 100 nM. After incubation in an environment with 5% CO 2 at 37°C for 4-6 h, the serum-free medium was removed, and cells Table 1 . Patient characteristics were maintained in DMEM containing 10% FBS.
Cell proliferation assay
After 24 hours of transfection, cells were harvested and seeded into 96-well plates at a density of 5 × 10 3 cells per well and cultured in an environment with 5% CO 2 at 37°C for 1, 2, 3, 4, days. 10 μl of CCK-8 solution (Dojindo Laboratories, Kumamoto, Japan) was added into the culture medium in each well. After 1 hour incubation, OD values were read using a microplate reader (Bio-Tek Company, Winooski, VT, USA) at the 450-nm wavelength. Each time point was repeated in three wells and the experiment was independently performed for three times.
Colony formation assay
After 24 hours of transfection, cells were harvested and seeded into 24-well plates at a density of 5 × 10 2 cells per well and cultured in an environment with 5% CO 2 at 37°C. During colony growth, the culture medium was replaced every 3 days. After 12 days, the plates were stained for the formation of cell colonies with crystal violet in 70% ethanol and counted under the microscope. The colony was counted only if it contained > 50 cells. The experiment was independently performed for three times.
Animal experiments
Female 6-8 weeks old BALB/c nu/nu mice (Charles River Laboratories, Beijing, China) were housed in specific pathogen-free conditions. 2 × 10 6 MG-63 cells transfected with miR-203 agomir or agomir-negative control (GenePharma, China) were injected subcutaneously into the flank region of 6 week-old male nude mice (n = 6 per group). Tumor growth was monitored every 3 days and tumors were measured with fine digital calipers and tumor volume was calculated by the following formula: tumor volume = 0.5 × width 2 × length. After four weeks, the mice were sacrificed and tumor weighs were measured. All animal procedures were performed in accordance with protocols approved by the Institute Research Ethics Committee of Yan'an People's Hospital.
Plasmid construction and luciferase reporter assay
The 3'-UTR of TBK1 containing the putative miR-203 binding sequence was amplified by PCR and cloned downstream of the firefly luciferase gene in the pMIR-Report vector (Promega, Madison, WI, USA). Mutation in the miR-203 seed regions of the TBK1 3'UTR were generated using QuikChang Multisitedirected mutagenesis kit (Promega, Fitchburg, WI, USA). The mutated TBK1 3'-UTR fragment was cloned into the pMIR-Report vector to develop the pMIR-TBK1-3'UTR-mut vector. For the luciferase assay in the OS cells, MG-63 or U2OS were co-transfected with 50ng/well TBK1-3'UTR or TBK1 3'UTR-mut, and 50 nM/well miR-203 mimic or scrambled microRNA negative control using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). Cells were collected after 48 h for assay using the Dual Luciferase reporter assay system (Promega, Fitchburg, WI, USA).
Western blotting
The cells were lysed in RIPA buffer with protease inhibitor at 72 h post-transfection. Total protein was separated by 10% SDS-PAGE, transferred onto polyvinylidene fluoride membranes. The primary antibodies to TBK1 (1:500; Santa Cruz, CA, USA) and β-actin (1:2000; Santa Cruz, CA, USA) were incubated with the blot overnight at 4˚C. After being extensively washed with PBS containing 0.1% Triton X-100, the membranes were incubated with HRP-conjugated goat anti-rabbit antibody for 30 min at room temperature. The bands were visualized using the ECL system (Millipore, Billerica, WI, USA).
Statistical analysis
Statistical Package of the Social Sciences 19.0 for Windows (SPSS, Chicago, IL, USA) was used for statistical analyses. The survival rate of OS patients was calculated using Kaplan-Meier survival analysis. Differences between experimental groups were assessed using the two-tailed unpaired Student's t test. The relationship between miR-203 and TBK1 expression was assessed using Spearman's correlation analysis. P < 0.05 was considered as statistical significance.
Results

MiR-203 is down regulated in human OS tissues and cell lines
To understand the role of miR-203 in OS, miR-203 expression was examined by qRT-PCR in 60 OS tissues and the corresponding normal bone tissues. The results showed that miR-203 was down regulated in the majority of OS tissues (Fig. 1A) . Moreover, miR-203 was down regulated in four human OS cell lines MG-63, U2OS, HOS and Saos-2 compared with normal osteoblastic cell lines NHOst (Fig. 1B) . Furthermore, clinical results showed that miR-203 expression was inversely correlated with tumor stage and distant metastasis (P = 0.003 and P = 0.026, respectively, Table 1 ). Patients with lower expression of miR-203 had a poor prognosis than those with high expression of miR-203 (Fig. 1C) . These results suggest that miR-203 plays an important role in OS development.
MiR-203 suppresses OS growth in vitro and in vivo
Next, we investigated the effects of miR-203 on OS cell growth by overexpression or inhibition of miR-203 expression in MG-63 and U2OS cells (Fig. 2A) . As shown in Fig. 2B , overexpression of miR-203 significantly inhibited MG-63 cell growth. In contrast, inhibition of miR-203 stimulated MG-63 cell growth. In addition, colony formation assay showed that overexpression of miR-203 repressed MG-63 colony formation, whereas inhibition of miR-203 promoted MG-63 colony formation compared to the control (Fig. 2C) . We further confirmed these results using another OS cell line U2OS (Fig. 2D and E) .
To determine if this effect applied in vivo, we confirmed these in vitro results using a xenograft model. MG-63 cells transfected with agomiR-203 or negative control (agomiR-NC) were subcutaneously injected into the flank region of nude mice. As shown in Fig. 2F , overexpression of miR-203 inhibited tumor growth compared to the control group, the tumor weights in agomiR-203 group were significantly decreased compared to the agomiR-NC group (Fig. 2G) . Collectively, our data showed that miR-203 suppresses OS cell growth in vitro and in vivo. Liu 
TBK1 is a direct target of miR-203
Bioinformatics research was performed to find potential targets of miR-203 using Targetscan and miRanda. As shown in Fig. 3A , TBK1 was identified as a potential target gene of miR-203, with the predicted binding site at the base from positions 526 to 531. TBK1 is a noncanonical IκB kinase (IKK) family member and plays a vital role in cell survival and tumor growth. To validate whether the 3'-UTR of TBK1 is a functional target of miR-203, a dual-luciferase reporter system was employed. We cloned 3'UTR sequences containing wild type or mutated binding site of miR-203 into the pMIR-Report vector, respectively, and co-transfected with the miR-203 mimics or NC into OS cells. Data from the luciferase assay showed that overexpression of miR-203 remarkably suppressed the luciferase activity of the reporter gene with the wild-type construct but not with the mutant TBK1 3'UTR construct in OS cells (Fig. 3B and C) . In addition, overexpression of miR-203 resulted in a reduction of TBK1 mRNA and protein expression in OS cells (Fig. 3D and E) . Therefore, our results suggest that TBK1 is a direct target of miR-203 in OS cells.
Restoration of TBK1 rescues the suppressive effects of miR-203 on OS cell growth
To further confirm TBK1 is a direct target of miR-203, we co-transfected MG-63 cells with miR-203 mimics and TBK1 plasmid with or without 3'UTR. As shown in Fig. 4A , miR- majority of OS tissues compared to matched normal tissues. In addition, correlation analyses revealed that there was a significant inverse correlation between miR-203 and TBK1 expression levels in OS tissues (Fig. 5C ).
Discussion
In this study, we investigated the biological role of miR-203 in the progression of OS. We found significant down-regulation of miR-203 in OS tissues compared with matched normal bone tissues. Additionally, functional experiments demonstrated that miR-203 suppressed cell growth in vitro and inhibited tumor growth in vivo through targeting the TBK1. Our findings suggest that miR-203 acts as a novel tumor suppressor by targeting TBK1 in OS. Our work may be the first time to reveal the role of miR-203 in OS.
Recently, accumulating evidence indicates that miR-203 is down-regulated in various tumors, and functions as a tumor suppressor in a tissue-or cell-lineage-specific manner by targeting multiple genes. Wan et al. reported that miR-203 functions as a tumor suppressor in OS, and regulates cell proliferation and metastasis by directly targeting oncogene ADAM9 and oncogenic long non-coding RNA HULC [9] . Moreover, down-regulation of miR-203 induced by Helicobacter pylori infection promoted the proliferation and invasion of gastric cancer by The mRNA and protein levels of TBK1 in MG-63 and U2OS cells were examined by western blot after co-transfection. Data shown are mean ± SD from three independent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001. activator of the KRAS driven cancer [19, 20] . In addition, it has been identified as a target of several miRNAs involved in carcinogenesis and tumor progression. For example, TBK1 was identifies as a downstream effector of the miR-200c in human lung cancer cells [21] . Inhibition of TBK1 attenuates radiation-induced epithelial-mesenchymal transition via activation of GSK-3β and repression of ZEB1 in lung cancer [22] . More recently, in pancreatic ductal adenocarcinoma (PDAC), miR-429 inhibited PDAC cell lines growth by targeting TBK1 [23] . In our study, we verified TBK1 as a direct target of miR-203 using luciferase reporter gene assay, overexpression of miR-203 could repress both the mRNA and protein levels of TBK1. Moreover, the inhibitory effects of miR-203 on cell proliferation and colony formation were rescued under the condition of overexpression of TBK1. Additionally, we found that the expression of TBK1 was up-regulated in OS tissues, and miR-203 levels were inversely correlated with TBK1 expression in OS tissues. These data suggest that TBK1 is a direct and functional target of miR-203 in OS cells. However, the role of TBK1 in OS requires further investigation.
In summary, we combined clinical and experimental studies to establish a critical role for miR-203 in OS. We found low miR-203 level and high TBK1 level in OS promoted tumor cell growth, which contributed to poor survival for patients with OS. Our work led to the identification of a novel functional pathway controlled by miR-203 and its direct targets TBK1 in OS. Therefore, miR-203 may represent a novel therapeutic target for OS treatment. The correlation between miR-203 and TBK1 mRNA levels in OS tissues was analyzed using Spearman's correlation analysis. Data shown are mean ± SD. *** P < 0.001.
